To isolate the factors that define variation in domesticated rice (Oryza sativa L.) inflorescence architecture, we performed a principal component analysis (PCA) using 292 accessions (136 indica and 156 japonica). The first component accounted for 40.6% of the total variance, and its main components were interpreted as lengthening of the stage in which secondary branch primordia were formed. The second component accounted for 23.4%, and its main components were explained by formation of more primordia on the rachis and primary branches. Indica tended to have more primary branches and their lateral organs, whereas japonica tended to have a longer rachis with more lateral organs, suggesting that there were heterochronic differences in panicle development. Quantitative trait locus (QTL) analyses for panicle traits and heading date were performed in 5 F 2 populations and a set of backcross inbred lines; these were derived from crosses between Koshihikari and six other accessions, including the top three for number of spikelets per panicle. A total of 174 QTLs were detected for 10 panicle traits. Only the QTLs on chromosomes 3, 6, and 7 were shared, and only by two or three populations, suggesting that variation in domesticated rice inflorescence architecture is determined by many genes.
Introduction
The rice (Oryza sativa L.) inflorescence or "panicle," together with those of Sorghum, Panicum, and Avena, is categorized as a raceme, in which the spikelets are not attached directly to the main axis (rachis) but are formed on the lateral branches (Itoh et al. 2005) . The panicle is a conical inflorescence in which the degree of branching and the length of the primary branches decrease acropetally (Ikeda et al. 2004) . The lateral branches on the rachis are called primary branches; those on the primary branches are called secondary branches, and each branch has a terminal flower (Fig. 1A) . After the shoot apical meristem becomes an inflorescence meristem, it is known as the rachis meristem. This rachis meristem produces several primary branch primordia (Fig. 1B, 1C ) until its abortion, and the primary branches start to elongate almost simultaneously. Each primary branch primordium produces lateral organ primordia: the meristems formed earlier at the base are secondary branch primordia, and those formed later are spikelet primordia (Fig. 1D, 1E ). Primary branch primordia and secondary branch primordia are ultimately converted into spikelet primordia to form the terminal spikelets.
There is wide variation among varieties in rice inflorescence (= panicle) architecture. Because grain (= spikelet) number is a factor that directly affects yield, it has been one of the main targets of breeding programs. By using the ratio of grain length to width, Matsuo (1952) evaluated and grouped 666 varieties collected worldwide that were later found to correspond closely to the japonica, tropical japonica, and indica ecotypes; they showed that the japonica panicle was shorter, heavier and denser than those of the other ecotypes, and they also found that the indica panicle had more branches. As part of attempts to use such genetic resources to improve grain production there have been several studies of variations in panicle traits. Manaka and Matsushima (1971) reported that there were five or six grains per primary branch in most of the japonica varieties tested, whereas the indica varieties showed greater variation. In a comparison of seven high-yielding varieties, Hashimoto et al. (1983) showed that the four indica varieties had more secondary and tertiary branches than the japonica varieties. Maruyama et al. (1988) reported variation in spikelet number per panicle in seven non-semi-dwarf indica and 10 native japonica varieties; among the cultivars they developed in a breeding program, spikelet number per panicle was larger in nine japonica-indica hybrid varieties and 10 semi-dwarf indica varieties than in 18 japonica varieties. As a whole, the number of spikelets on secondary and tertiary branches was positively correlated with the number of spikelets per panicle. Sasahara et al. (1982) classified 32 varieties, including both indica and japonica varieties, into five types according to the apical-basal distribution of grains on the secondary branches: in type I the position of the largest number of grains on the secondary branch was basal; in type V it was apical; and in types II, III and IV it was in the middle. The position of the largest number of grains on the secondary branch was apical or middle (types III, IV and V) in indica varieties, basal or middle in japonica varieties (types I, II and III), and middle in two varieties derived from both indica and japonica (type III). The number of grains on each of the primary branches was almost always fixed. Kondo and Futsuhara (1980) reported a principal component analysis (PCA) of panicle traits in 18 varieties and/or mutants that varied in "panicle density," an index calculated as number of grains (= spikelets) per panicle divided by panicle length. Principal component (PC) 1 contained factors such as number of spikelets or secondary branches, and PC2 was substantially loaded by length of rachis and of primary branches.
Several quantitative trait loci (QTLs) for rice yield have now been cloned, and some of these are genes that affect inflorescence branching. One is a gene for cytokinin oxidase/ dehydrogenase (OsCKX2), an enzyme that degrades the phytohormone cytokinin (Ashikari et al. 2005) . The product of this gene degrades cytokinin in inflorescence meristems. When expression of OsCKX2 declines, cytokinin accumulates in inflorescence meristems and increases the number of branches and spikelets, thus enhancing grain yield. Another gene is SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 14 (OsSPL14), which controls shoot branching in the vegetative stage and is affected by microRNA excision (Jiao et al. 2010 , Miura et al. 2010 . Higher expression level of ABERRANT PANICLE ORGANIZATION 1 (APO1) increases the size of the inflorescence meristem (Ikeda-Kawakatsu et al. 2009) , and this APO1 gene is a QTL for the number of primary rachis branches (Terao et al. 2010) . Many QTLs for branching in panicles have been reported (Ando et al. 2008 , Mei et al. 2006 , Wu et al. 1996 , Xu et al. 2001 , Yamagishi et al. 2004 . Even though some of these genes (or QTLs) have been identified at the molecular level, genetic control of rice inflorescence branching is not yet well understood.
To gain an understanding of the variation in domesticated rice panicle architecture, we performed PCA of panicle traits by using 292 accessions from the National Institute of Agrobiological Sciences (NIAS) Core Collection (Kojima et al. 2005) . To analyze the events in panicle development, panicle structure was described by organ number, branch length, and density of lateral organs. Out of the 292 accessions, the top three in terms of spikelet number per panicle and the two accessions with the shortest primary branches were selected and used to produce five F 2 populations by crossing with a reference accession, Koshihikari. Another accession, Jarjan (described below), was used to produce a set of backcrossed inbred lines (BILs). Each F 2 population and/or set of BILs was subjected to QTL analysis. The results are discussed in terms of panicle development.
Materials and Methods

Plant materials
From among the genetic resources conserved in the NIAS showing the formation of secondary branch primordia. Lateral organ primordia on primary branch are formed acropetally, and those that are formed earlier become secondary branch primordia. Meristems formed later on the primary branch become spikelet primordia. As a result, each primary branch has secondary branches at the base and spikelets toward the tip (A). i, inflorescence meristem; p, primary branch primordium; *, secondary branch primordium and/or spikelet primordium; br, bract; bh, bract hair; lp, leaf primordium.
Genebank, we chose 292 rice accessions (136 indica and 156 japonica) and evaluated their panicle traits (Supplemental Table 1 ). In 2005, all seeds were sown on 18 April, and seedlings were transplanted on 18 May to an experimental field at NIAS Tsukuba, Japan. From the 292 accessions, five were selected: three with the highest spikelet number per panicle (namely Kalo Dhan, Rexmont, and Vista), and two with the shortest primary branches (namely Romeo and Aus 38) (Supplemental Fig. 1 ). These five accessions were crossed with a reference accession, Koshihikari (a leading Japanese cultivar), to obtain F 1 seeds. The F 1 plants were selfed to obtain F 2 populations. Another accession, Jarjan, which had relatively long primary branches on which lateral organs were produced sparsely (Supplemental Fig. 1 
PCA of panicle architecture in 292 accessions
A panicle from the longest culm was sampled from three plants, and 10 panicle traits were scored as indices of elongation and branching of organs (Table 1) . Three scores from three plants were averaged to represent an accession. The characteristics "length of rachis" and "average length of primary branches" were measured the number of lateral organs, including "number of primary branches per rachis," "number of lateral organs per primary branch," "number of secondary branches per primary branch," "number of spikelets on primary branches per primary branch," and "number of spikelets on secondary branches per secondary branch," were averaged. "Number of spikelets per panicle" was also counted, because it affects yield more directly than do the other traits. To describe the density of lateral organs, "average length of rachis between lateral organs" and "average length of primary branch between lateral organs" were calculated. All 10 traits were used to calculate correlation coefficients (Table 1) . Traits other than spikelet number per panicle were applied to PCA (Table 2 ) by using the PCA module of JMP version 6.0 (SAS Institute, Cary, NC, USA).
QTL analyses of panicle architecture
The five F 2 populations and the set of BILs, derived from crosses between Koshihikari and each of the six other accessions, were planted in an experimental field at NIAS, Tsukuba, in 2008. The japonica accession Koshihikari was used as a reference accession to produce all six hybrid populations. The panicle traits of the seven accessions used to produce the populations are shown in Supplemental Fig. 1 . Kalo Dhan and Jarjan belonged to the aus group of indica, whereas the other four were japonica. Spikelet numbers per panicle of all six accessions were not lower than that of Koshihikari.
Ninety-four F 2 (Koshihikari/Kalo Dhan) plants were genotyped by 226 single nucleotide polymorphisms (SNPs) (Supplemental Table 2 ). In the other four F 2 populations, 94 or 96 F 2 plants were genotyped by 89 to 190 simple sequence repeat (SSR) markers (McCouch et al. 2002) . In the BILs derived from the cross between Jarjan and Koshihikari, 103 lines were genotyped by 115 SSR markers (McCouch et al. 2002) (Supplemental Table 2 ).
A panicle taken from the main culm was scored for the 10 panicle traits (Table 1) . Because heading date affects panicle traits, it was divided into six levels and scored in the four hybrid populations of which the non-reference parent was Kalo Dhan, Rexmont, Vista, or Jarjan. Linkage mapping was performed with MAPMAKER/EXP 3.0 (Lander et al. 1987) . The Kosambi function was used to calculate genetic distances (in centimorgans). QTL analyses were performed by using composite interval mapping as implemented by the software package QTL Cartographer version 2.5 (http:// statgen.ncsu.edu/qtlcart/WQTLCart.htm). Genome-wide threshold values (α = 0.05) were used to detect putative QTLs on the basis of the results of 1000 permutations.
Results
Correlation and PCA analysis for panicle traits of 292 accessions Most of the 10 panicle traits showed approximately normal distributions (Supplemental Fig. 1 ). The reference accession, Koshihikari, was relatively low in number of secondary branches per primary branch, number of spikelets per secondary branch, and average length of primary branches per number of lateral organs on primary branches. For the other seven traits, the score of Koshihikari was moderate.
Correlations among panicle traits: There were correlations between many pairs of the 10 panicle traits (Table 1 ). All correlation coefficients were less than 0.9, so all 10 traits were subjected to PCA. Length of panicle rachis or length of primary branches was positively correlated with the number of their lateral organs. Length of primary branches was positively correlated with number of secondary branches per primary branch, but not with number of spikelets per primary branch. Four traits related to organ length-namely, length of panicle rachis or primary branches and density of lateral organs on rachis or primary branches-were significantly positively correlated with each other, with the exception of the pair of density of lateral organs on primary branches and length of rachis. Density of lateral organs on rachis or primary branches was significantly negatively correlated with number of primary branches on the rachis, but not with number of lateral organs per primary branch. Number of secondary branches per primary branch was significantly positively correlated with density of lateral organs on primary branches. Number of spikelets per panicle was positively correlated with all traits except two: number of spikelets per primary branch and density of lateral organs on rachis.
PCA for panicle traits: To elucidate the main components of variation in panicle architecture, the 10 traits were subjected to principal component analysis ( Table 2 ). The contributions of PC1 and PC2 were 40.6% and 23.4%, respectively: their contribution was over four times that of PC3. The sum of contributions of the top four components accounted for more than 89% of the total variance. For the top four principal components, substantial loadings occurred with the following: for PC1, increase in length of primary branches, in number of secondary branches per primary branch, in number of spikelets per secondary branch, and in number of spikelets per panicle; for PC2, increase in number of primary branches, increased density of primary branches on rachis or of lateral organs on primary branches and increased number of spikelets per panicle; for PC3, increase in rachis length and decreased density of primary branches on rachis; and for PC4, increased number of spikelets per primary branch and decreased number of secondary branches per primary branch ( Fig. 2 and Table 2) .
Comparison between indica and japonica: Indica accessions and japonica accessions differed in all four principal components (Supplemental Table 3 ), although the distributions on the scatter plots overlapped with each other (Fig. 3) . Compared with the japonica accessions, the indica accessions had fewer and longer primary branches that were attached more sparsely to the rachis, and they also had more secondary branches per primary branch and more spikelets on the secondary branches.
In indica accessions, the aus group and the non-aus group differed significantly in PC2 (Supplemental Table 4 ). Indica accessions belonging to the aus group had decreased numbers of primary branches, and they were attached more sparsely to the rachis than in other indica accessions. The primary branches in the aus group were longer and had more spikelets on them, but the number of secondary branches was not increased.
Relationships between panicle architecture and geographical origin: To determine whether accessions from the same areas had specific characteristics of panicle architecture, accessions were grouped by geographical origin, and only groups that contained more than 10 accessions were compared with each other (Supplemental Tables 5, 6 and Supplemental Fig. 2 ). Aus accessions of indica were grouped into three geographical origins, but accessions of these different origins could not be compared with each other because most of the aus accessions were from South Asia. Among the japonica accessions, accessions from South Asia or Southeast Asia exhibited significantly higher PC1 than those from East Asia (Supplemental Table 6 ), indicating that accessions from South Asia or Southeast Asia had more secondary branches per primary branch, more spikelets on the secondary branches, and longer primary branches. Japonica accessions from Southeast Asia showed significantly higher PC3 than the other two groups (Supplemental Table 6 ), indicating that japonica from Southeast Asia had a longer rachis, on which the primary branches were sparser than in other japonica accessions. Japonica accessions from South Asia had significantly lower PC2 than those from the other two areas (Supplemental Table 6 ), indicating that japonica from South Asia had fewer primary branches and the lateral organs were sparser on the rachis and primary branches. In indica accessions excluding the aus group, accessions from South Asia had significantly higher PC4 than those from other areas (Supplemental Table 5 ), which meant that their primary branches produced more spikelets.
QTLs for panicle architecture A total of 174 QTL were detected for 10 panicle traits (Supplemental Table 2 ). QTLs for different panicle traits tended to be found in the same chromosome region (Supplemental Figs. 3, 4) . Hereafter, QTLs with logarithm thresholds of the odds (LOD) scores greater than 5.0 were treated as "major QTLs."
Among the regions in which major QTLs were detected, two regions-around 7 to 9 Mb on chromosome 6 and 28 to 29 Mb on chromosome 7-were common to a few populations. In the region around 7 to 9 Mb on chromosome 6, major QTLs were detected in F 2 (Koshihikari/Kalo Dhan), F 2 (Koshihikari/Rexmont), F 2 (Koshihikari/Vista), and F 2 (Koshihikari/Aus 38). The Koshihikari allele increased the number of primary branches in F 2 (Koshihikari/Kalo Dhan) and F 2 (Koshihikari/Rexmont), increased the number of spikelets per panicle in F 2 (Koshihikari/Rexmont) and F 2 (Koshihikari/Vista), and increased the density of lateral organs on the primary branches in F 2 (Koshihikari/Rexmont) and F 2 (Koshihikari/Aus 38). QTLs for heading date were also detected in the same region, and the Koshihikari allele showed decreased heading date. In the region around 28 to 29 Mb on chromosome 7, major QTLs were detected for number of secondary branches per primary branch and number of spikelets per secondary branch in F 2 (Koshihikari/Kalo Dhan) and F 2 (Koshihikari/Jarjan). For both traits, the allele associated with an increase in the value of the trait came from the non-Koshihikari parent (Kalo Dhan or Jarjan). No QTL for heading date was detected.
Other major QTLs were detected in only one population, although QTLs with smaller effects were sometimes found in the same region in other populations. For example, QTLs for panicle traits were dispersed around 28 to 34 Mb on chromosome 3 in five populations, the exception being F 2 (Koshihikari/Rexmont).
Most regions in which major QTLs were detected were specific to populations. Around 19 Mb on chromosome 7, the Vista allele increased the lengths of primary branches and the rachis. This region explained 23% and 18% of the total variance in primary branch length and rachis length, respectively. Around 25 Mb on chromosome 2, the Rexmont allele increased the length of primary branches, and this region accounted for 21% of total variance. Around 27 Mb on chromosome 11, the Romeo allele increased the density of lateral organs on the primary branches, and this region explained 26% of total variance.
QTLs were not detected at the location of OsSPL14 (25 Mb on chromosome 8) or APO1 (28 Mb on chromosome 6). A non-major QTL for number of spikelets per primary branch was found in the 6-Mb region on chromosome 1 where OsCKX2 was located.
Discussion
Developmental factors that affect variation in the domesticated rice inflorescence architecture
We described the rice panicles of 292 accessions, including both indica and japonica, by using length of rachis and primary branches, number of lateral organs, and density of lateral organs. We subjected these panicle traits to PCA (Table 2 and Fig. 2) , and we examined the effects of the genes related to these traits on variation in panicle architecture. The first component explained as much as 40.6% of total variation, and the total of the first and the second components explained more than 60% of total variation.
Substantial loadings of PC1 were increase in number of secondary branches per primary branch, increase in number of spikelets per secondary branch, increase in primary branch length, and increase in number of spikelets per panicle. It is likely that elongation of the period in which secondary branch primordia are formed causes an increase in the number of secondary branches. Elongation of the primary branches is likely regulated mainly by the intercalary meristem, as in the case of culm elongation. PC2 was explained mainly by an increase in the number of primary branches, increased density of the lateral organs on the rachis and primary branches, and shortening of primary branches. It is likely that elongation of the period in which the primary branch primordia are formed would increase the density of the lateral organs on the rachis. Shortening of the primary branches could be attributable to limited cell division and/or expansion in the intercalary meristem, and this would have increased the density of lateral organs on the primary branches.
A substantial loading on PC3 was an increase in the length of the rachis, on which the primordia of the lateral organs were produced more sparsely. This could be attributable to enhanced cell division and/or expansion of the intercalary meristem in the rachis.
PC4 was associated with an increase in the number of spikelets produced on primary branches. This component can be explained by a lengthening in the period of spikelet primordia formation.
Our result differs partly from that of a previous report (Kondo and Futsuhara 1980) , in which 18 varieties and/or mutants varying in "panicle density" (= number of grains per panicle / panicle length) were subjected to PCA. In this report, a substantial loading on the first component was number of secondary branches, which was consistent with our result. However, unlike in our results, substantial loadings on the second component were length of rachis and of primary branches. We consider that this discrepancy was caused by differences in sampling caused by variation in, and mixing of, mutant lines in varieties.
In PCA for maize tassel traits in a backcross population derived from a cross between two lines, substantial loadings of the first principal component were (long) branch number and (long) branch number density; those of the second component were spikelet density on the central spike and spikelet density on the primary branch, and those of the third component were length of the tassel and of the central spike (Upadyayula et al. 2006) . The maize tassel has a central rachis; long branches at the base and short branches on the upper part are produced as lateral organs. A long branch produces only spikelet pairs, so maize does not have a counterpart of the rice secondary branch. A short branch also produces a spikelet pair. Because there are so many maize spikelet pairs, spikelet density is often used as substitute for spikelet number. Taken together, the substantial loadings on the first, second, and third principal components in maize are therefore equivalent to number of primary branches, number of spikelets on the primary branch, and length of the rachis in rice. The factors that explain variation in maize tassel architecture were basically consistent with those for rice panicle architecture, although the first and the second components were exchanged.
Differentiation of panicle architecture between indica and japonica
The characteristics of indica accessions, compared with those of the japonica accessions, can be summarized as follows ( Fig. 3 and Supplemental Table 3 ): Primary branches produce more lateral organs, which are both secondary branches (PC1) and spikelets (PC4). Primary branches are longer (PC1) and produce lateral organs more sparsely (PC2). Secondary branches produce more lateral organs (PC1). The rachis is shorter (PC3) and produces fewer primary branches, which are sparser (PC2). These results are consistent with those of previous studies (Hashimoto et al. 1983 , Maruyama et al. 1988 , Matsuo 1952 , although the varieties used in these studies, with the exception of that of Matsuo (1952) , were very limited in terms of number and region of origin. The indica panicle had a shorter rachis than that of japonica, whereas Matsuo (1952) reports that the panicle of indica is longer than that of japonica. This apparent contradiction could be attributed to our finding that the indica panicle had longer primary branches, because panicle length is the sum of rachis length plus the length of the primary branch at the top of the panicle.
These characteristics imply that, in indica varieties, the periods of formation of the lateral organ primordia on the primary and secondary branches are longer, the period of primary branch formation is shorter, and the intercalary meristem in the rachis stops its cell division/expansion earlier.
Differences in accessions originating in different regions were also observed. Among the japonica accessions (Supplemental Fig. 2B and Supplemental Table 6 ), accessions from South Asia or Southeast Asia had higher PC1 values than those from East Asia, and japonica accessions from South Asia, as was the case with the indica accessions (Supplemental Table 5 ), had lower PC2 values than those from East Asia or Southeast Asia. These findings may reflect outcrossing events between indica and japonica accessions under natural conditions in South Asia or Southeast Asia.
Variation in domesticated rice inflorescence architecture is defined by many genes
Many QTLs for different traits tended to be found in the same regions (Supplemental Fig. 3 and Supplemental Table 2 ). These regions might have a single gene that promotes the formation of lateral organ primordia and cell division or elongation in the inflorescence, as is the case with OsCKX2 or OsSPL14.
Beavis (1998) reported that two maize small populations derived from crosses between B73 and Mo17 could detect different set of QTL for yield. He noted that one reason could be the different environments in which those two populations were evaluated, and that another reason might be an artifact of sampling of genotypes in such a small population. In this report, the size of the population was limited, but the populations were evaluated in the same field in the same year. Although the detection power was limited, at least major QTL could be compared between populations.
To compare QTLs for panicle traits detected in different populations, we showed the locations of QTLs for 10 panicle traits as three types: QTLs for length of rachis or branch, QTLs for number of inflorescence organs, and QTLs for density of lateral organs (Fig. 4A) ; we also noted the locations of the QTLs and genes reported in previous papers (Fig. 4B) . The data in Figure 4 indicate that variation in domesticated rice inflorescence architecture is defined by many genes; this result is consistent with that of Ando et al. (2008) .
Although minor QTLs might not have been detected because we used mainly small F 2 populations, we still found locations where QTLs were detected both by us and by previous studies, such as the regions around 7 to 9 Mb or around 13 to 17 Mb on chromosome 6. Later heading date increases spikelet number, and a QTL for heading date (LOD = 34.1) was also found in the region around 9 Mb. The Koshihikari allele in the region from 13 to 17 Mb made heading date earlier and increased spikelet number on the secondary branches in F 2 (Koshihikari/Kalo Dhan). In F 2 (Koshihikari/ Rexmont) and F 2 (Koshihikari/Vista), the Koshihikari allele in the region around 7 to 9 Mb had heading date earlier but increased spikelet number. Increase in spikelet number is therefore not necessarily a pleiotropic effect of the QTL for heading date. This QTL in the region around 7 to 9 Mb would be a target for cloning.
Many QTLs have been reported in the location of OsCKX2 (Ashikari et al. 2005 ), but we found no major QTL in that region (Fig. 4) . There are no QTLs at the location of OsSPL14 (Jiao et al. 2010 , Miura et al. 2010 , or APO1 (Ikeda-Kawakatsu et al. 2009 , Terao et al. 2010 (Fig. 4) . These findings imply that the populations used in the QTL analysis were quite limited. Nevertheless, we detected two major QTLs that may contribute to breeding: the region around 19 Mb on chromosome 7 in F 2 (Koshihikari/Vista) and the region around 25 Mb on chromosome 2 in F 2 (Koshihikari/Rexmont) (see Supplemental Table 2 ). Screening and use of genetic resources with extraordinary character are needed.
To date, many QTLs for yield have been reported, but their role in panicle development remains vague. Positional cloning of such QTLs and functional analysis of the relevant genes will shed light on variations in domesticated rice inflorescence architecture.
